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Extract
Sections of pancreas from 16 individuals who died with cystic fibrosis ( C F ) were classified by morphometric criteria into four categories in increasing order of pancreatic involvement. The concentration of acini, islets, main ducts, lobular ducts, connective tissue, and fat was compared with control levels. The results show that in the least involved pancreases, from neonates who died under 5 months of age, acini were reduced to 33% of control levels and the following were increased: islets, to 410%; lobular ducts, to 250%; and main ducts, to 1700% of controls.
With increasing severity of the pancreatic disease the acini were further reduced to 5% and lobular ducts to 37% of control levels, respectively. Main ducts increased by 19-fold, and fatty infiltration accounted for more than 25% of the fresh weight of the pancreas in 9 of the 16 specimens.
Comparative biochemical studies of 35 fibrocystic pancreases were quantitatively related to the severity of the pancreatic involvement as follows. Water and volatile matter, normally accounting for 8i)&% of the weight of the fresh pancreas, was reduced to less than 30% in the most affected organs. The concentration of zinc diminished from near normal mean levels of 193 pg Zn/g dry pancreas to 10% of this amount in the severely involved pancreas.
PANCRE
Elevated concentrations of calcium, amounting to over 10 times control level, were found in obstructed ductal structures. Calcium was depleted from pancreatic sections adjacent to the obstructions. The following biochemical indicators were significantly different in their mean levels in the 35 fibrocystic pancreases when compared with the 17 controls: ( P 5 0.001) fat, water, zinc, calcium, copper, magnesium, potassium, and sodium (P 2 0.01).
Speculation
Morphometric and biochemical studies of the pancreas in cystic fibrosis are interpreted to favor an early and perhaps primary role of ductal and ductular abnormality in the pathogenesis of the pancreatic lesion. The principal basis for this suggestion lies in the demonstration of early massive enlargement of the ductular system and the consequent accumulation of viscous calcium-rich inspissated material responsible for the formation of functional ductal obstructions. Alterations in calcium concentration and binding in the pancreas and in pancreatic juice are believed to be responsible for changes in membrane permeability and the transport of water and electrolytes. The pancreatic disease process begins in utero and the d~sgeneration of the pancreas progresses through life in nearly all patients with cystic fibrosis.
Cystic fibrosis accounts for nearly all young patients with pancreatic insufficiency (17) . There is no known single defect to relate the various organ involvements in CF; each system presents with different degrees of affliction and with no correlation with the general severity of the disease. The onset of symptoms may vary considerably. In about 15% of our patients with C F the disease is evident at birth as a consequence of meconium ileus (7) . In some patients (15-20%) no pancreatic enzyme deficiency may be detected even as late as 10 years of age (18) . In these patients the pancreatic lesion may be minimal; however, progression to the end stage of fatty replacement and extensive fibrosis occurs in most patients (I).
Alterations in calcium concentration and activity have been previously associated with biochemical and biophysical changes in various exocrine secretions from patients with C F (3, 5, 6, 14, 16) .
Forstner at al. (8) , in a recent study of intestinal goblet cell mucus from patients with CF, demonstrated that calcium interacted with mucus anions resulting in significant dehydration and insolubility; conditions which might account for the formation of mucous "plugs."
The present study of the pancreas from patients who died with C F was undertaken to assess the degree of damage to this organ on the basis of morphometric and histometric observations. These were correlated with alterations in water content of the pancreas, the amount of extractable fat, and electrolyte concentrations.
SPECIMENS AND METHODS
Random sections. usually from the tail of the pancreas, weighing about I g, were obtained postmortem from 35 individuals who died with C F and from 17 control subjects. Of the C F group, 16 were females and 19 were males. The ages at death ranged from 15 days to 23 years: 5 were under 5 months of age. Four infants had meconium ileus. The cause of death was listed as follows: severe pulmonary infection. 12; respiratory insufficiency, 6; cardiac arrest. 5; cor pulrnonale, 5 ; meconium ileus. 3: pneumothorax. 3; hemorrhage, I.
Control specimens were from 5 females kind I2 males aged 3 days to 13 years. Four specimens were from infants under 5 months of age. The patients in this group had the following diagnoses: leukemia. 4; tumors. 4; agammaglobulinemia, 2; auto accident, I; asphyxia, I; tetralogy of Fallot. I; Wilson'sdisease. I; thalassemia major, I; congenital heart disease, I; meningitis. 1.
A preliminary study of intrapancreatic chemical variability was undertaken to evaluate how clo'sely a random section of pancreas may reflect the electrolyte composition of the whole pancreas. Two whole organs were dissected longitudinally and then cut into 20 separate sections each weighing between 0.6 and 1.2 g. One pancreas was from a male patient with C F who died at 15%2 years of age. This pancreas weighed 23.4 g, or less than half of the expected weight. A second pancreas from a male child who died with a congenital heart defect a t age and weighed 13.2 g, within the expected weight range. This pancreas revealed no histologic or morphologic abnormalities.
The specimens were obtained within 2-8 hr after death, and were immediately frozen. Before analyses, the original, or "wet" weight of the tissue was determined. The "dry" weight was obtained after overnight desiccation and served as the basis for the quantitative determination of electrolytes by atomic absorption spectroscopy ( 12) .
MORPHOMETRIC AND HlSTOMETRlC STUDIES
Percentages of various pancreatic tissue components, including fat, connective tissue, islets, acini, acinar ducts, and main ducts, were estimated in formalin-fixed, paraffin-embedded sections stained with hematoxylin and eosin prepared from 1-3 blocks of pancreas. The microscopic images were projected at 100 times magnification through an ocular lens containing an inscribed line to graph paper. The various types of tissue crossing or touching the line were counted. Ten such observations were made on each section, starting and subsequently moving the field at random, Total values for each component were then calculated as concentration (percentage). The percentages obtained from multiple blocks were averaged.
RESULTS
Weights of the organs and age at death are summarized in Table  I . Of the 16 pancreases, I I were within the expected weight range and 2 each, in groups II and 111, were below expected weight.
Without knowledge of the chemical composition, the pancreatic Table 2 . The values (mean and range) for each group are expressed as percentage of controls, taken as 100%. Control levels for fatty infiltration are less than 1%. Representative photomicrographs of one pancreatic section from each group are shown in Figures 1-4 .
The results indicate that even in specimens from group J (taken from neonates who died under 5 months of age) considerable differences are seen in the concentration of acini, lobular and main ducts, and islets. Group J I includes a young patient who had meconium ileus and a 20-year-old male who had not been diagnosed until 4 years before death. The concentrations of acini are markedly reduced, whereas main ducts increase to 18 times of control levels. There is minimal fatty infiltration (photomicrograph, Fig. 2 Fig. 3) All specimens from group IV show markedly decreased parenchymal and lobular duct elements. The fat concentration averaged 68% (53-92%) (photomicrograph, Fig. 4) 
INTRAPANCREATIC CHEMICAL VARIABILITY
The "mapping" of two whole pancreases each dissected into 20 individual sections shows a considerable range of concentration for each component (Table 3 ). The concentration of calcium, which ranged from 42 to 5,550 pg/g of dry tissue, was the most variable of all of the determinations in C F . In this pancreas four adjacent segments had concentrations of 144, 5,550,4,930, and 139 pg C a / g pancreas. The high concentrations of C a were located in a ductal structure which was obstructed. Selective sampling from the "tail" of the pancreas revealed much less chemical variability. For this reason only "t;lil-end" sections were used whenever possible.
A summary of all observations comparing mostly pancreatic tail sections of 35 patients with C F with those of 17 controls is presented in Table 4 . Mean extractable fat was about 7 times higher in specimens from the C F group. The lowest Put level in a patient with C F was 2T'. This patient, who was followed by us since infonc!. had normal pancreatic function through life and highly variable "sweat tests." He died at age 12 from severe pulmonary involvement. A moderate to severe water loss was observed in nearly all of the C F specimens with exception of the neonntt~l pancreases. The concentration of Z n and C u were significantly lower in the C F specimens, averaging less than one-half of control values.
C F neonatal pancreases were studied separately in comparison with a group of four age-matched controls. The results, summarized in Table 5 , show remarkable similarity between the two groups in the mean concentration of Cu, Mg. Na, K , and C a .
Although the absolute Zn level in these C F neonatal specimens was not statistically significantly decreased, the ratio of Z n to ductules was less than one-fifth of controls and the ratio of Zn to ducts was about 3% of controls. None of the infant pancreases contained appreciable fat and only one C F specimen was dehydrated (55% dry weight). Alterations in electrolyte concentrations in the specimens classified by morphometric data (Table 6) show a striking correlation with the degree of pancreatic involvement. Severe dehydration occurred in all except one specimen of groups 11. I l l . and IV.
With the exception of C a and Mg, a significant diminution was observed in the concentration of all electrolytes. Zinc diminished from a mean of 193 p g / g dry pancreas in group I specimens to 106, 42, and 20 p g / g in specimens from groups 11, 111, and I V , respectively.
In order to correct for the progressively larger fatty infiltration of the pancreas with the increasing severity of the pancreatic damage. fat was extracted with ethyl-ether and electrolytes were determined in the fat-free tissue. On this basis. specimens from patients of groups 111 and IV showed an increase in Z n levels to 62 and 57 pg/g from previous values of 42 and 20 pg/g, respectively. However, even the corrected values were considerably below the control levels. Changes of similar magnitude were observed in other electrolytes. Calcium, the most variable of the pancreatic electrolytes. was greatly influenced by the presence or absence of inspissated mucus in the section analyzed; the unusually elevated C a concentrations were associated with cystically dilated ducts, whereas lower values were found in sites adjacent to the cysts. These extremes in the distribution of C a were most evident in group I1 and 111 specimens ( Table 6 ). The specimens with the highest calcium deposits were also recognized by histologic methods. In some patients the deposition of calcium in the pancreas could be detected by radiography. It is noteworthy that in three of four specimens of group IV subjects, C a levels were only 22, 42, and 59 pg/g. In these sections there were few ducts and virtuallv no cvsts.
Magnesium concentrations in the pancreatic sections varied in an erratic manner. Specimens of group IV patients had concentrations of Mg of 22. 32. 622, and 728 p g l g . Other group values were more homogeneous. particularly the specimens ofgroup I and 11.
Concentrations of sodium and ootassium diminished markedlv with increasing severity of the iancreatic disease, approachin;! levels of 10% or 15% of group I specimens and those of control values.
DISCUSSION
The unknown basic defect in cystic fibrosis causes widespread alterations in the mucus-secreting glands of the entire body ( I ) . Patient who died with agammaglobulinemia had a fatty pancreas (20.2~0 extractable fat). The striking secondary changes in the pancreas are but one of the manifestations possible resulting from obstruction by inspissated secretions in the pancreatic acini and ducts.
The rnorphornetric data in group I and, especially. group 11 appear to confirm the diagnostic concept of fibrosis. The rich connective tissue content of the infant pancreas normally becomes quite inconspicuous by late childhood. Fibrosis is then evident in group I I I in contrast to group IV. were relatively inconspicuous total concentrations of connective tissue are evident. At different stages of the pancreatic involvement there is active fibroplasia, dense heavy scar. or. finally, less conspicuous fibrosis. This suggests a considerable early. rapid, and later. slow erosion of connective tissue through the disease. The end-stage of pancreatic destruction is characterized by dehydration, liposclerosis. and calcification of intraductal concretions. similar to the sequence of events previously described by Blanc (2) .
Of the electrolytes determined in this study. zinc and calcium are the most interesting from a functional point of view: Ionized calcium is one of the activators of trypsinogen. chymotrypsinogen. and lipase (4) . In :~hout 80% of patients with CF these enzymes show little or no activity (17) .
Hematoxylinophilia is a well known morphologic indicator of mineral and calcium phosphates as in bone. Hernatoxylinophilic ductal content was seen only in the two pancreases with the highest calcium concentration. Lack of this reaction in other segments of pancreas rich in calcium may indicate the presence of other than highly acidic phosphate bonding. For example, calcium oxalates are not hernatoxylinophilic; it is more likcly :hat this calcium is absorbed on to (neutral) protein or glycoproteins. Moreover, correlation with the rnorphometric data strongly indicates that calcium in pancreatic juice may be largely of duct epithelial origin, just as bicarbonates are thought to be. The excessive binding of calcium by intraductal secretions may be responsible for the formation of calcium soaps and ultimately, viscid insoluble obstructions. The depletion of Ca and C a t ' from tissues surrounding the inspissated material may alter membrane potentials and cause widespread changes in the physiochemical properties of the cell membrane. Rasmussen (IS) suggested that the transport of water N a ' and K * is governed by the degree and rate of dissociation of C a to Ca*'. The significant changes in C a + * binding observed in this study could. therefore, initiate the dehydration of the pancreas and induce the consequent parenchymal atrophy, fibrosis, and finally, fatty replacement.
Zinc is a constituent of a number of metalloenzymes including carbonic anhydrase (0.3% Z n ) and pancreatic carboxypeptidase A (I gram-atom Zn/molecule) (19, 20) .
I
Carboxypeptidase catalyzes the hydrolysis of carboxyterminal peptide bonds in proteins and peptides and also hydrolyzes esters. Carbonic anhydrase reversibly catalyzes the hydrolysis of carbon dioxide to form carbonic acid and bicarbonate (I I). Although only a relatively small amount of Zn is required to activate these enzymes, a severe Zn deficiency (lo) or a ductal obstruction may cause partial deactivation or immobilization of the 'available ionized Zn. Impaired activation of these two essential pancreatic enzymes could result in dehydration, reduced bicarbonate production, changes in pH, and reduced cleavage of proteins. conditions which have been observed in most pancreatic secretions from patients with C F . In particular, a consistent observ:ttion has been significantly reduced bicarbonate concentrations in this disease regardless of the state of nutrition of the patient or the presence of some of the proteolytic enzymes (9) .
At birth and for several months later neonatal pancreases usually contain an excess of Zn, averaging about 5 0 4 higher (per 1 unit dry weight) than observed later in life. Increased Zn stores are also found in the neonatal C F specimens; however. the depletion or pancreatic Zn in the C F specimens appears to be rapid and severe. It is possible that Zn depletion in C F begins it1 Lcrcro, although the present data fail to confirm this with statistical certainty. This suggestion is supported by a previous study of Zn in nieconium (13) . Specimens of meconium collected within I0 hr of hirth from 65 apparently healthy neonates contained a mean concentration of 230 pg Zn/g dry meconium. Meconium from 8 infrn!s with C F contained a mean Zn concentration of 157 pg/g. In four patients with meconium ileus the analysis was done on material removed surgically from the obstructed gut. This meconium contained. on the average, only 138 pg Zn/g, or about 60%) of "normal" values.
SUMMARY
Morphometric, histometric, and biochemical data are presented for 35 pancreases obtained from subjects who died with cystic fibrosis and 17 control subjects. The biochemical changes are ~ quantitatively related to the severity of pancreatic involvement. At ; different stages of the disease there is active fibroplasia, liposclerosis, calcification. and considerable dehydration. Ductal structures are obstructed with viscous. calcium-rich inspissated material. whereas sections adjacent to obstructions are depleted of calcium. The degeneration of the pancreas appears to progress through life.
